Introduction
Type 2 diabetes mellitus (T2DM) is the leading cause of chronic kidney disease (CKD) in the world, accounting for nearly half of all incident cases of kidney failure requiring dialysis or transplantation in the United States (US) [1] . Approximately 7.6 million people in the United States have comorbid CKD and T2DM, which is classified as diabetic kidney disease (DKD) and sometimes referred to as diabetic nephropathy [2] . While the pathobiology remains incompletely understood, DKD results from progressive angiopathy and fibrosis in the kidney. Inflammation and apoptosis are other key contributors to DKD pathogenesis [3] . Despite treatment aimed at optimizing glycemic control and reducing systemic hypertension and glomerular hyperfiltration, impaired kidney function often worsens over time. Currently approved therapies do not directly address the pathological consequences of oxidative stress experienced with DKD and progressive loss of kidney function [4] [5] [6] .
Oxidative stress is deleterious through many mechanisms [7] . An oxidative stress responsive pathway initiated with the activation of Apoptosis Signal-regulating Kinase 1 (ASK1) is emerging as a driver of events relevant to DKD [8] [9] [10] [11] [12] . ASK1 is a redox-sensitive mitogen-activated protein kinase kinase kinase (MAPKKK), which functions as a critical signaling node through which oxidative stress promotes deleterious effects. ASK1 activation causes downstream activation of the terminal MAPK kinases p38 and c-Jun N-terminal kinase (JNK) [13] [14] [15] , which stimulate production of inflammatory cytokines/ chemokines, induce expression of matrix remodeling genes (fibrosis), promote apoptotic and necrotic cell death, increase aberrant cell proliferation, and contribute to metabolic perturbations [8] [9] [10] [11] [12] . GS-4997 is a highly selective and potent once-daily oral ASK1 inhibitor that competes with ATP in the ASK1 catalytic kinase domain (unpublished data).
Methods
Design and conduct of this study are in accordance with the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) guidelines for Good Clinical Practice. The study protocol was approved by central and local IRBs in North America. This study is registered on clinicaltrials.gov with identifier NCT02177786.
Study Conduct
This will be a double blind, placebo-controlled study as depicted in figure 1 . Three dose levels of GS-4997 will be tested vs. placebo. The treatment period is 48 weeks with a safety visit at 52 weeks. An external data monitoring committee (DMC) will monitor unblinded safety data.
The mean of two sets of screening values for estimated glomerular filtration rate (eGFR) and urine albumin excretion (urine albumin to creatinine ratio, or UACR) will be used for stratification and randomization purposes. eGFR will be calculated by the 4-variable Modification of Diet in Renal Disease (MDRD) Study formula.
Given that the study population is at risk for medical complications and has an established burden of comorbidities, the study incorporates 4 weekly visits after initiation of therapy in order to frequently assess for any potential adverse events. The study visit frequency decreases thereafter, with visits scheduled at weeks 8, 12, 16, 24, 36, 47, 48, and 52. The primary endpoint will be assessed at 48 weeks of therapy, but the additional eGFR/UACR measurements at week 47 will mitigate to some degree the effects of intrasubject variability in these measurements.
Study Population
Approximately, 75 patients will be randomized into each arm for a total sample size of approximately 300. Subjects must have T2DM, stage 3/4 CKD (eGFR 15 to 59 ml/min/1.73 m 2 ), albuminuria, and be on a stable dose of angiotensin converting enzyme inhibitor (ACEi) or angiotensin receptor blocker (ARB) for at least 3 months. Co-administration of ACEi with ARB is not allowed on study. The use of a direct renin inhibitor (aliskiren) is allowed, but not concurrently with ACEi or ARB. There are different qualifying UACR thresholds by CKD stage (UACR >600 mg/g for stage 3a, UACR >300 mg/g for stage 3b, UACR >150 mg/g for stage 4). Randomization will be stratified by these three tiers of DKD stage matched with UACR. Other inclusion and exclusion criteria are highlighted in table 1 .
Endpoints
The key objectives of this study are to evaluate the safety and efficacy of GS-4997 in DKD in a Phase 2 setting. Safety endpoints include changes in vital signs, laboratory values, 12-lead ECG, and adverse events. The study population is at a great risk for developing or worsening heart failure, and therefore a clinical marker of fluid status and heart failure severity, NT-pro-BNP, will be explored as a safety parameter. The primary efficacy endpoint is change in eGFR at 48 weeks of therapy. The secondary endpoint will be change in albuminuria. Cystatin-c, another surrogate of glomerular filtration that is not subject to the confounding effects of creatinine generation (a correlate of muscle mass), is being measured, recognizing that cystatin-c is an imperfect surrogate of kidney function.
Exploratory endpoints include examination of the pharmacokinetics of GS-4997 and its metabolites, and biomarkers. Selected biomarkers will interrogate CKD and acute kidney injury, inflammation, fibrosis, metabolism, oxidative stress, and the ASK1 pathway. Metabolic parameters will include HbA1c, fasting insulin, and fasting glucose. Physical examination parameters such as weight and waist circumference at each visit will add to an understanding of metabolic effects.
Statistical Considerations
The sample size of 75 subjects per arm, given potential subject annual dropout rate of 15% and standard deviation of 5 ml/ min/1.73 m 2 , yielded 80% power to detect an absolute treatment difference of 2.5 ml/min/1.73 m 2 for at least one GS-4997 dose 31 group with a two-sided alpha of 0.05. In this study, a mixed-effect model repeated measures (MMRM) analysis will be used to account for missing data. Sensitivity analyses will be conducted to assess the robustness of the results across different analysis approaches for missing data.
Discussion
ASK1 inhibitors such as GS-4997 are a novel target class among agents being developed for DKD. In animal models of kidney disease, ASK1 inhibition resulted in reductions in pathway markers such as phospho-p38, but also improvements in kidney histopathologic scores, and in functional readouts such as direct measurements of GFR, serum creatinine, and proteinuria [16] . In models of metabolic syndrome, reductions in body weight, fasting insulin, fasting glucose, HbA1c, and OGTT were also observed [17] . These observations in animal models, along with human disease observations of elevations in on-target proteins such as phospho-p38 combined with the fact that oxidative stress is correlated with disease severity and progression [4] [5] [6] 10] led us to initiate a clinical investigation into the potential efficacy and tolerability of GS-4997 in persons with T2DM and stage 3/4 CKD.
Oxidative stress has been a target of DKD therapy. Development of bardoloxone methyl for DKD was recently stopped in the Western hemisphere due to cardiovascular safety concerns. ASK1 inhibition by GS-4997 is notably different in mechanism from bardoxolone methyl. GS-4997 shuts down cell signaling in a subset of cells involved in pathogenesis where oxidative stress is elevated, whereas bardoxolone methyl activates mRNA transcription in every cell exposed to drug. GS-4997 should selectively target affected cells in which the oxidative burden is high.
The study population is intended to capture the unmet need of progressive disease despite treatment with standard of care. Employing proteinuria as a surrogate of disease progression (requiring varying thresholds of albuminuria by stage of eGFR) enriches the study sample with patients more likely to experience progressive loss of kidney function during the study period. We chose different albuminuria cutoffs in an effort to identify patients with stage 3 CKD at higher risks of progression. While there is a direct correlation between the extent of proteinuria and decline in eGFR [18] , non-proteinuric DKD is becoming more prevalent [2] . Proteinuria is currently the best surrogate for disease progression, and there is hope for developing superior predictive markers as the field advances.
The process of selecting efficacy outcomes and treatment period strove to balance the competing needs of generating a robust result in a modest time frame while testing the most clinically relevant outcomes. Changes in eGFR and albuminuria are evaluable over a shorter treatment period and may lead the way in demonstrating a or status post-renal transplantation) or anticipated to occur within the treatment period Anticipated progression to ESRD (need for dialysis or listing for renal transplantation) within the study treatment period Sickle cell anemia or trait QT interval corrected for heart rate using the Fredericia formula (QTcF) >450 ms Unstable cardiovascular disease as defined by:
Unstable angina within 3 months prior to screening Myocardial infarction, coronary artery bypass graft surgery or coronary angioplasty within 3 months prior to screening Transient ischemic attack or cerebrovascular accident within 3 months prior to screening Obstructive valvular heart disease or hypertrophic cardiomyopathy Class IIIb or IV congestive heart failure Immunosuppressive drugs including systemic corticosteroids, tacrolimus, sirolimus, cyclosporine, azathiroprine, mycophenolate mofetil, and methotrexate (intra-articular, topical, nasal, or inhaled steroids are allowed) Diagnostic or interventional procedure that requires intravenous contrast agent during, or within 30 days prior to screening and during study treatment period clinical benefit that enables more definitive investigation of GS-4997 in DKD. Powering a Phase 2 trial for a clinically relevant change in eGFR may prove more informative in planning a Phase 3 trial that may employ a composite of sustained, clinically significant decline in kidney function and 'hard' endpoints such as death or progression to dialysis or transplantation. GS-4997 has anti-inflammatory and anti-fibrotic properties, and does not appear to have any clinically evident hemodynamic effects. We therefore do not expect acute changes in eGFR, akin to those that accompany ACEi or ARB therapy. The choice of a one-year treatment period was guided by the efficacy endpoints. Recognizing that a treatment difference may become more apparent over longer treatment periods, and given the natural history of DKD, the treatment period of one year represents the minimum period of time that clinically relevant magnitudes (30-50% attenuation) may be observed in the rate of decline in eGFR. The natural history of eGFR decline in this population is approximately 5 ml/min/1.73 m 2 , as determined by precedent interventional and observational studies ( table 2 ) . A relative reduction of 50% translates to an absolute reduction of 2.5 ml/min/1.73 m 2 . Based on these studies, where the range of standard deviation (STDEV) in eGFR was 3-8 ml/min/1.73 m 2 , the assumed STDEV for this study is 5 ml/min/1.73 m 2 . The anticipated effect size and the STDEV estimate are key determinants of sample size. The potential limitations in these assumptions are that the study group may be healthier than expected and may not progress at the expected rate, or that there may be more heterogeneity than anticipated.
There was a consideration of composite primary endpoint, which also included events such as cardiovascular events or progression to ESRD. While these are crucial to follow for definitive long-term efficacy in DKD, the modest sample size and the relatively short treatment period preclude detecting a valid signal regarding these clinical events. There was also consideration of proteinuria as the primary endpoint. Other agents have shown disparate effects on proteinuria and kidney function, raising concern about the validity of proteinuria as a valid surrogate endpoint in CKD clinical trials, particularly those addressing non-hemodynamic mechanisms of injury [19] .
Another potential limitation for the study surrounds missing data. When chronically ill patients are enrolled in a clinical trial, non-study, drug-related adverse events, either due to worsening primary disease or comorbidity, may warrant therapy that would confound evaluation of study drug treatment effects. In these cases, it will be necessary to stop treatment with blinded GS-4997. However, subjects will be encouraged to remain on study (off study drug) to better understand the natural history of disease in this population exposed to GS-4997 (or placebo) for any period of time. Despite such measures, some dropout is inevitable, and the resulting missing data may bias the efficacy evaluation if these missing data are not appropriately handled. Use of MMRM analysis, which considers the entire longitudinal profile of patients, would produce results that are more robust to potential biases from missing data than an analysis that uses only cross-sectional data (e.g., last observation carried forward [LOCF]). This study is now underway; the study investigators, study team, and advisory panel look forward to reporting results of this study to the diabetes and nephrology communities.
